Abstract. The therapeutic efficacies of 3-day regimens of artesunate-amodiaquine and artemether-lumefantrine during 5 years of adoption as first-line treatments were evaluated in 811 ≤ 12-year-old malarious children. Compared with artemether-lumefantrine, amodiaquine-artesunate significantly reduced the proportion of children with fever and parasitemia 1 day after treatment (day 1; P < 0.008 for both). The proportion of parasitemic children on day 2 and gametocytemia on presentation and carriage reduced significantly over the years ( P < 0.000001 and P < 0.03, respectively; test for trend). Overall efficacy was 96.5% (95% confidence interval [CI] = 94.5-98.6) and remained unchanged over the years ( P = 0.87; test for trend). Kinetics of parasitemias after treatments were estimated by a non-compartmental model. Declines of parasitemias were monoexponential, with a mean elimination half-life of 1.09 hours (95% CI = 1.0-1.16). Parasitemia half-lives and efficacy were similar for both regimens and in all ages. Artesunate-amodiaquine and artemether-lumefantrine remain efficacious treatments of uncomplicated falciparum malaria in Nigerian children 5 years after adoption.
INTRODUCTION
Artemisinin-based combination therapies (ACTs) are now the first-line treatments of Plasmodium falciparum malaria globally; they are more effective than non-artemisinin-based combination or monotherapies, and they reduce the chances of development of drug resistance in P. falciparum . 1, 2 With the ready availability of copackaged ACTs and artemisinin and the adoption of ACTs as first-line treatments by over 50 endemic African countries, 3, 4 there is an increasing likelihood of artemisinin monotherapy, which may promote insensitivity and drug resistance in P. falciparum to ACTs. A recent report of resistance in P. falciparum to artemisinin in Southeast Asia 5 has raised concerns that resistance may spread from this focus to other parts of the malaria-affected world, including Africa. Historically, the spread of antimalarial drug resistance in P. falciparum is from Southeast Asia or South America to East Africa and later, West Africa, 6 where drug treatment failure is first encountered in < 5-year-old children because of a relative lack of antimalarial immunity. This makes it imperative to evaluate therapeutic and parasitological responses to antimalarial drugs first in this group if drug treatment failure or resistance were to be detected. 7 Despite the large number of countries in Africa adopting ACTs, long-term assessment of efficacies of these drug combinations have been less frequently done after adoption. In addition, the report in West Africa of reduced in vitro sensitivity of P. falciparum isolates to artemisinin, 8 the parent drug from which artesunate and artemether are derived, justifies the need for continuous assessment of in vivo and in vitro responses of P. falciparum isolates from this endemic area to ACTs. In view of the importance of detecting early changes in responses to ACT treatment before frank treatment failure occurs, we report a continuous evaluation of the in vivo efficacy in the 5 years (2005-2010) since policy change to two of the most frequently used ACTs in Africa-artemether-lumefantrine (AL) and artesunate-amodiaquine (AA) 3, 9, 10 -in an endemic area of southwest Nigeria. The primary aims were to determine if there are significant changes in the responses to ACTs over the years and if there are differences in the responses between the younger and older children that could be used as indicators of changes in the treatment responses to ACTs in endemic settings in Africa.
METHODS

Study area.
The epidemiology of malaria in the area of study, Ibadan, southwest Nigeria, has been described elsewhere. 11 Briefly, in this area of hyperendemic malaria, transmission occurs all year round but is more intense during the rainy season from April to October. P. falciparum is the predominant species, accounting for 99% of all infections. Children are more affected than adults, and apparently, asymptomatic infections occur in older school children and adults. Since 2005, the malaria clinic at the University College Hospital, Ibadan, has conducted five prospective randomized open-label controlled trials of artemisinin-based combination drugs in which artesunate-mefloquine (AM; one trial), AL (five trials), and AA (five trials) were the treatment arms. One non-comparative trial of artesunate drug efficacy was performed in children aged 0.5-12 years ( Table 1 ) .
In vivo studies of drug efficacy. Study procedures. Specific study procedures have been described for each trial. [12] [13] [14] [15] [16] In addition, one recently controlled completed but unpublished trial has been included in the analysis. This involved comparison of AL and AA in < 5 year olds. All enrolment procedures were common to all studies. Briefly, patients were eligible to participate in the study if they were ≤ 12 years of age, had symptoms compatible with acute uncomplicated malaria such as anorexia, vomiting, or abdominal discomfort with or without diarrhea, P. falciparum parasitemia > 2,000 asexual forms/μL, a body (axillary) temperature > 37.4°C, or a history of fever in the 24-48 hours preceding presentation, had absence of other concomitant illness, had no history of antimalarial drug use in the 2 weeks preceding presentation, and had written informed consent given by parents or guardians. Patients with severe malaria, 17 severe malnutrition, serious underlying diseases (renal, cardiac, or hepatic), and known allergy to study drugs were excluded from the study. The study protocol was reviewed and approved by the Ethics Committee of the Ministry of Health, Ibadan. The disease history, taken by the attending physician, was recorded by asking patients or their parents or guardians when the present symptomatic period started, and this was followed by a full physical examination by the same physician. Drug regimens. AL (Coartem; Novartis, Basel, Switzerland) was given according to body weight: patients weighing 5-14 kg received one tablet, those weighing 14-24 kg received two tablets, those weighing 25-34 kg received three tablets, and those weighing more than 34 kg received four tablets at presentation (0 hours), 8 hours later, and 24, 36, 48, and 60 hours after the first dose. Each tablet of AL contains 20 mg artemether and 120 mg lumefantrine. AA coformulated (Coarsucam; Sanofi Aventis, Casablanca, Morocco) was given as follows: children weighing ≥ 9 -18 kg or aged 1-5 years received 0.5 tablets, children weighing ≥ 18-36 kg or aged 6-13 years received one tablet, and children weighing ≥ 36 kg or aged ≥ 14 years received two tablets. Each tablet of AA coformulated contains 270 mg amodiaquine base and 100 mg artesunate coformulated in a bilayer. AA copackaged (Dart; Swiss Pharma, Lagos, Nigeria) was given according to age or body weight as follows: 1-5 years or 5-15 kg received one tablet each of amodiaquine and artesunate, 6-10 years or 16-24 kg received two tablets each of amodiaquine and artesunate, and 11-15 years or 25-34 kg received three tablets each of amodiaquine and artesunate. Each tablet of amodiaquine contains 153 mg base, and each tablet of artesunate contains 50 mg in the copacked unit. All AA doses were given daily for 3 days. If necessary, patients were provided with antipyretics (paracetamol tablets, 10-15 mg/kg every 8 hours for 24 hours). Direct observed therapy was followed for all AA and AL doses.
The day of enrolment was regarded as day 0 (or 0 hours). Follow-up with clinical and parasitological evaluation was carried out at days 1-7 and days 14, 21, 28, 35, and 42. Follow-up consisted of enquiry about the patient's well-being, presence or absence of initial presenting symptoms, presence of additional symptoms, measurement of body temperature, measurement of heart and respiratory rates, and blood smear for the quantification of parasitemia.
Side effects were defined as symptoms and signs that first occurred or became worse after treatment was started. Any new events occurring during treatment were also considered as side effects.
Thick and thin blood films prepared from a finger prick were stained with Geimsa and examined by light microscopy under an oil-immersion objective at 1,000× magnification as previously described. [12] [13] [14] [15] Capillary blood collected before and during follow-up was used to measure packed cell volume (PCV) or hematocrit. Hematocrits were measured using a microhematocrit tube and microcentrifuge (Hawksley, Lancing, United Kingdom). Routine hematocrit was done on days 0-7, 14, 21, 28, 35, and 42. Blood was spotted on filter papers on days 0, 3, 7, 14, 21, 28, 35, and 42 and at the time of treatment failure for parasite genotyping.
Outcome measures. Response to drug treatment was assessed using World Health Organization (WHO) 1973 and 2003 criteria 4, 5 as previously described. [12] [13] [14] [15] [16] Parasite clearance time was defined as time from drug administration until there was no patent parasitemia for at least 48 hours. Fever clearance time was defined as time from drug administration until body temperature fell to or below 37.4°C and remained below this value for at least 48 hours. Recurrent infection was defined as the presence of asexual forms of P. falciparum from days 5 to 42. Recrudescent infections were differentiated from new infections using three-loci genotyping as previously described. 18, 19 Cure rates were defined as the percentages of patients whose asexual parasitemia cleared from peripheral blood and who were free of patent asexual parasitemia on days 28, 35, and 42 of follow-up. The cure rates on days 21-42 were adjusted on the basis of the polymerase chain reaction (PCR) genotyping results of paired samples for patients with recurrent parasitemia after day 14 of commencing treatment.
Kinetics of parasitemia. In 191 children enrolled between 2008 and 2009, follow-up with clinical and parasitological evaluation was done at the following times in all patients: 0, 1, 2, 4, 8, 16, and 24 hours and daily on days 2-7, 14, 21, 28, 35, and 42. The kinetics of the time course of the parasitemia were estimated by using a non-compartmental model as previously described. Data analysis. Data were analyzed using version 6 of the Epi-Info software 21 and the statistical program SPSS for Windows version 10.01. 22 Variables considered in the analysis were related to the densities of P. falciparum gametocytes and trophozoites. Proportions were compared by calculating χ 2 with Yates' correction or by using Fisher exact test. Normally distributed continuous data were compared by Student t test and analysis of variance (ANOVA). Data not conforming to a normal distribution were compared by the Mann-Whitney U or Kruskal-Wallis tests or by Wilcoxon ranked sum test. Prevalence rate of gametocyte on presentation and overall carriage rates were calculated yearly. Gametocyte carriages rates are presented as person-gametocyte weeks (PGW; number of weeks patients had gametocytes per number of weeks patients were followed-up) and are expressed per 1,000 weeks of follow-up. The cumulative risk of parasite reappearance was calculated by survival using the KaplanMeier method. Changes in prevalence and gametocyte carriage rates and the proportion of children remaining febrile and/or parasitemic on days 1-3 over the years were analyzed by χ 2 test for trend. Association between enrolment parasite density and parasite clearance time was assessed by Pearson's correlation coefficient. All tests of significance were two-tailed. P values of ≤ 0.05 were taken to indicate significant differences. Data were double entered serially using the patients' codes and were only analyzed at the end of the study.
RESULTS
The efficacies of AL and AA were evaluated in 811 of 985 children with uncomplicated P. falciparum infections enrolled in five ACT trials between 2005 and 2010 (Table1).
Of 486 children treated with AA, 158 received coformulated AA, and 328 received copackaged AA. The therapeutic responses of these children were similar; for example, for coformulated and copackaged AA-treated children, their parasite and fever clearance times were 1.03 ± 0.56 days versus 1.04 ± 0.51 days ( P = 0. 89) and 1.0 ± 0.2 days ( N = 140) versus 1.0 ± 0.3 days ( N = 227; P = 1.0), respectively. Therefore, these data were combined.
The enrollment characteristics of the children are presented in Table 2 . Overall, 35% (285 of 811) were children under 5 years, and 98% ( N = 794) completed at least 28 days of follow-up. The main reason for not completing the 42-day follow-up was relocation from the study area. The drug combinations were generally well-tolerated, and no patient reported having serious adverse events. [12] [13] [14] [15] [16] Three patients deteriorated within 2 hours of starting AA ( N = 2) or AL ( N = 1), becoming cerebral and requiring hospital admission. All recovered uneventfully. A 3-year-old girl who received AA died at home of causes unrelated to malaria or an adverse drug event. Autopsy was declined.
Clinical and parasitological responses. Changes in fever clearance times were evaluated in all patients who presented with fever ( N = 625). Overall, 91% (568 of 625; 95% confidence interval [CI] = 91.07-91.12) of patients were afebrile by day 1, and the remainder were afebrile by day 2; this proportion decreased significantly with time ( P = 0.003; test for trend) ( Table 3 ). The proportions of children who remained febrile on day 1 were significantly lower in AA-than in AL-treated children (21 of 367 versus 3 of 258; P = 0.007). In < 5 year olds and ≥ 5 year olds, the proportions of children who were afebrile on day 1 were 218 of 247 (88.3%) and 350 of 378 (92.3%), respectively ( P = 0.09). Mean hematocrit on enrolment was 28.9% (95% CI = 28.3-29.4), and it increased significantly to 32.6% (95% CI = 31.9-33.3), 32.3% (95% CI = 31.7-32.9), and 30.7% (95% CI = 29.8-31.6) in 2006, 2009, and 2010, respectively ( P < 0.0001). Mean hematocrit values were similar at all times in AA and AL treatment groups at enrollment over the years.
Parasite clearance times were available for all patients ( Table 3 ) , except one child treated with AA in whom parasitemia persisted for over 7 days after commencement of therapy. There was a significant decrease in the number of children failing to clear their parasitemias by day 2 over the years ( P < 0.000001; test for trend). In 2005, 7.1% (15 of 210) were parasitemic by day 2 compared with 0.98% (6 of 601) between 2008 and 2010 ( P = 0.000004). By day 3, 99.4% (806 of 811) of the children had cleared their parasitemias. The proportion of children with parasitemia on day 1 was significantly lower in AA-than AL-treated children (76 of 486 versus 99 of 325; P = 0.0000008).
In < 5 year olds and ≥ 5 year olds, the proportions of children who were parasitemic on day 1 were 68 of 285 (23.8%) and 107 of 526 (20.3%), respectively ( P = 0.28). Of the 21 children with parasitemia on day 2, 8 and 13 children, respectively, were < 5 year olds and ≥ 5 year olds. The difference between these proportions was not significant ( P = 0.95). All but one of five children with parasitemia on day 3 ( Table 3 ) were ≥ 5 years.
Gametocyte carriage. Overall, 4.1% (33 of 811) of children had patent gametocytemia at enrolment, and this proportion decreased from 8.1% (17 of 210) in 2005 to 3.6% (4 of 110) in 2010 ( P = 0.02; test for trend), resulting in significant decrease in gametocyte carriage rates over the study period ( P < 0.0001) ( Table 4 ) . Gametocyte prevalence on enrolment and carriage rates over the years were similar in AA-and AL-treated children.
Parasitological efficacy. Of the 29 recurrent infections during the 28-to 42-day follow-up, 11 (1.4%) were new infections, and 18 (2.2%) were recrudescent infections with P. falciparum . In two cases, the PCR result was inconclusive. The median time to recrudescence occurred at 21 days of follow-up (range = 15-42). The median time to reinfection was 21 days (range = 21-42).
Recurrent infections were significantly more common in AL-treated children (21 of 325 versus 8 of 486; P = 0.0006). However, the proportion with recrudescent infections was similar (11 of 325 in AL and 7 of 486 in AA; P = 0.1). Of the seven recrudescent infections in children treated with AA, four were in those children who received the coformulation, and three were in those children who received the copackaged AA. Figure 1 is a Kaplan-Meier plot (survival curve) of the cumulative probability of reappearance of asexual parasitemia after treatment with AA or AL. The probability was significantly higher after AL treatment (log-rank statistic = 13.5; P < 0.0001).
Of the 29 recurrent infections, 13 and 16 infections were in < 5 and > 5 year olds, respectively. The difference in proportions of children with recurrent infections was not significant (13 of 285 versus 16 of 526; P = 0.36). Of the recrudescent infections, 8 and 10 infections were in < 5 and > 5 year olds, respectively. The difference in proportions of children with recrudescent infections was also not significant (8 of 285 versus 10 of 526; P = 0.44).
Overall, non-PCR-adjusted parasitological efficacy was 96.5% (95% CI = 94.5-98.6) on day 28, it did not change over the years ( P = 0.87; test for trend), and it was similar for both treatments (AA: 95.8%, 95% CI = 92.3-99.5; AL: 97.3%, 95% CI = 95.4-99.1). For both drugs, parasitological efficacy also did not change over the years ( P = 0.15 for AA and P = 0.39 for AL; tests for trend for both).
Kinetics of parasitemia. The demographic and other characteristics of the 191 children ( N = 91 for AA and N = 100 for AL) enrolled in kinetics of the parasitemia study are shown in Table 5 . Overall, there was monoexponential decline of the parasitemia, with an estimated mean half-life ( t 1/2el ) of 1.09 hours (95% CI = 1.0-1.16) ( Figure 2A ) . In < 5 ( N = 54) and > 5 ( N = 137) year olds, estimated mean t 1/2el values were 0.98 hours (95% CI = 0.84-1.12) and 1.13 hours (95% CI = 1.02-1.23), and they were similar ( P = 0.11) ( Figure 2B ). The estimated mean t 1/2el values were also similar in AA-(1.12 hours, 95% CI = 1.0-1.24) and AL-treated (1.06 hours, 95% CI = 0.95-1.18) children ( P = 0.53) ( Figure 2B ) .
Relationship between enrolment parasite density and parasite clearance time. Parasite clearance times were available in 744 children (92%) for evaluation of the relationship Table 4 Gametocyte prevalence rate at enrollment and gametocyte carriage rate (overall and among children without gametocytemia at enrollment) Figure 3 ). In patients with enrolment parasitemia < 50,000/μ and ≥ 50,000/μL, the respective mean parasite clearance times were 20.1 (95% CI = 18.2-22.0) and 24.2 hours (95% CI = 22.5-25.9) ( Figure 3A ) . The difference between the two values was significant ( P = 0.003). This relationship was also maintained in patients treated with the individual AA or AL ( Figure 3B ). There was a significant positive correlation between enrolment parasite density and parasite clearance time ( r = 0.13; P = 0.008).
DISCUSSION
The rapid progression of resistance in the late 1990s and early 2000s in P. falciparum to chloroquine and sulfadoxinepyrimethamine, [23] [24] [25] [26] the first-and second-line treatments, respectively, of uncomplicated infections in Nigeria and the recommendation of the WHO 1 led to the introduction and adoption, in mid-2005, of AL and AA as first-line antimalarials in Nigeria. 27, 28 With the adoption of these ACTs, small-scale studies have been frequent in the country, 29, 30 but evaluation of relatively large numbers of children over a relatively long period is an exception. The present study attempted to rectify this deficiency. Additionally, it evaluated the elimination halflives of the parasitemias in children treated with AA and AL to establish a baseline against which the future behavior of these and other ACTs on the parasitemias may be compared. † Fever clearance times were 1.0 ± 0.1 versus 1.1 ± 0.3 days for AA and AL, respectively ( P = 0.03).
‡ Parasite clearance times were 26.2 ± 13.9 versus 27.5 ± 13.4 hours for AA and AL, respectively ( P = 0.51). The study showed that AA cleared fever and parasitemia significantly faster than AL in the 24 hours after administration. The former was expected, because the amodiaquine component of AA has a potent antipyretic effect. 31 This antipyretic effect may be dose-dependent: a recent study from the area showed that children who received higher doses cleared parasitemia or fever significantly faster than children receiving the standard doses of AA. 32 Rapid asexual parasite clearance is characteristic of all ACTs 33 and the ACTs evaluated in the present cohort of children. Delay in parasite clearance (> 2 days) occurred in less than 0.7% of the children ( Table 3 ) . Because delay in parasite clearance is characteristic of resistance to artemisinin or ACTs 2, 34 and is associated with increased risk of gametocyte carriage, this low figure suggests full sensitivity of P. falciparum in vivo to ACTs in the area of study. 35 In addition, the value is considerably below the threshold of 3% parasite positivity rate considered indicative of increased chance of recrudescence or resistance to artemisinins. 36 Parasite positivity rate on day 3 also decreased insignificantly over the years ( P = 0.09) ( Table 3 ) . Thus, there was a tendency to decreased chance of recrudescence over the years. The similar clearance rates and half-lives of parasitemia in younger (< 5 years) and older children suggest that clearance of parasites in these children is independent of immunity.
It is intriguing that parasitological efficiency remained unchanged over the years. The high parasitological efficiency with AA may be because of, among other factors, the decline in the use of chloroquine monotherapy 37 and relatively little or no use of amodiaquine monotherapy in the study area before and even after ACTs adoption. This trend is in sharp contradistinction to the situation in Myanmar, where parasitological efficiency of AA is declining. 38 The parasitemia half-life of 1 hour provides a baseline for which future changes in parasite population in vivo and in vitro susceptibility profiles from this endemic area may be measured or compared, and it may be relevant in the evolution of drug resistance to the adopted ACTs. With an overall parasitemia half-life of 1 hour, it would seem likely that genuine differences occur in the parasitemia kinetics after artemisinin or ACTs administration in children from this endemic area and in patients from Vietnam (8 hours) 39 or Thailand (3 hours), 35 where the half-lives of parasitemia are considerably longer than in the present study. These differences may be related to different sampling times, different pharmacokinetic models, population variations in drug handling, and regional differences in susceptibilities in P. falciparum isolates to artemisinins and the partner drugs 36 in a region where recent data suggest that artemisinin resistance has developed. [40] [41] [42] [43] It would seem that enrolment parasitemia significantly influenced the parasite clearance times. Thus, high parasitemias were associated with a longer parasite clearance times. If recrudescence were to occur in the future, it would likely be in the latter. 36 In conclusion, AA and AL remain efficacious treatments of falciparum malaria in Nigerian children, and significant drug resistance does not seem to have emerged after 5 years of adoption as first-line treatments.
